Illness and death from diseases caused by contaminated food are a constant threat to public health and a significant impediment to socio-economic development worldwide. To measure the global and regional burden of foodborne disease (FBD), the World Health Organization (WHO) established the Foodborne Disease Burden Epidemiology Reference Group (FERG), which here reports their first estimates of the incidence, mortality, and disease burden due to 31 foodborne hazards. We find that the global burden of FBD is comparable to those of the major infectious diseases, HIV/AIDS, malaria and tuberculosis. The most frequent causes of foodborne illness were diarrheal disease agents, particularly norovirus and Campylobacter spp. Diarrheal disease agents, especially non-typhoidal Salmonella enterica, were also responsible for the majority of deaths due to FBD. Other major causes of FBD deaths were Salmonella Typhi, Taenia solium and hepatitis A virus. The global burden of FBD caused by the 31 hazards in 2010 was 33 million Disability Adjusted Life Years (DALYs); children under five years old bore 40% of this burden. The 14 subregions, defined on the basis of child and adult mortality, had considerably different burdens of FBD, with the greatest falling on the subregions in Africa, followed by the subregions in South-East Asia and the Eastern Mediterranean D subregion. Some hazards, such as nontyphoidal S. enterica, were important causes of FBD in all regions of the world, whereas others, such as certain parasitic helminths, were highly localised. Thus, the burden of FBD is PLOS Medicine |
borne particularly by children under five years old-although they represent only 9% of the global population-and people living in low-income regions of the world. These estimates are conservative, i.e., underestimates rather than overestimates; further studies are needed to address the data gaps and limitations of the study. Nevertheless, all stakeholders can contribute to improvements in food safety throughout the food chain by incorporating these estimates into policy development at national and international levels.
Summary Points
• Thirty-one foodborne hazards caused 600 (95% uncertainty interval [UI] 420-960) million foodborne illnesses and 420,000 (95% UI 310,000-600,000) deaths in 2010.
• The global burden of FBD caused by the 31 hazards studied was 33 (95% UI million DALYs in 2010.
• The most frequent causes of foodborne illness were diarrheal disease agents; particularly norovirus and Campylobacter spp.
• Foodborne diarrheal disease agents, particularly non-typhoidal Salmonella enterica, caused 230,000 (95% UI 160,000-320,000) deaths
• Other major causes of FBD deaths were Salmonella Typhi, Taenia solium, hepatitis A virus and aflatoxin.
• 40% of the FBD burden was among children under 5 years old.
• The African (AFR), South-East Asian (SEAR) and Eastern Mediterranean (EMR) D subregions had the highest FBD burden.
• Diarrheal disease agents were the leading cause of FBD burden in most subregions, and non-typhoidal Salmonella enterica caused an important burden in all subregions, particularly in the subregions in Africa.
• Other main causes of diarrheal FBD burden were enteropathogenic Escherichia coli, enterotoxigenic Escherichia coli and Vibrio cholerae in low-income subregions, and Campylobacter spp. in high-income subregions.
Introduction
Illness and death from diseases caused by contaminated food are a constant threat to public health and a significant impediment to socio-economic development worldwide. Foodborne
Box 1. Choice of Foodborne Hazards
After reviewing the epidemiology of all the disease-causing agents potentially transmitted in food, the FERG hazard-based task forces identified 31 hazards (Table 1) to be included in the study, based on high incidence and/or mortality, and data availability. These included viruses, bacteria and protozoa causing predominantly acute diarrheal diseases (11 hazards) ; bacteria and protozoa causing invasive infectious diseases (seven hazards) and helminths (three cestodes, two nematodes and five trematodes including the broad group of 'intestinal flukes'); and diseases induced by 3 chemical hazards. Analyses of the burden of arsenic, cadmium, lead and methylmercury in foods are ongoing and will be reported separately. Estimates of mortality for Mycobacterium bovis infections and morbidity and mortality for invasive non-typhoidal Salmonella enterica infections excluded illnesses attributed to HIV infection [11] . Incidence data for diseases caused by peanut allergens and four bacterial toxins (Bacillus cereus, Clostridium botulinum, Clostridium perfringens and Staphylococcus aureus) were not available for low-income countries and so were excluded from this global overview. Hazards occurring in particular regions, such as cyanide from cassava-based foods and foodborne trematodes, were included in the global overview. (Continued) studies in selected countries (Albania, Japan, Thailand and Uganda) by piloting a specific protocol that was developed partly by adapting the National Burden of Disease Studies protocol published by the WHO [10] . The knowledge translation subgroup of this task force also provides tools to translate data on burden of disease into food safety policy. Finally, the Computational Task Force converts estimates from the hazard-based task forces into estimates of the global and regional burden of FBD, expressed in Disability Adjusted Life Years (DALYs), see Box 3.
Global Disease Burden
Of the approximately 600 million cases of illness caused by the 31 foodborne hazards in 2010 (see Box 1 and Table 3 ), infectious agents that cause diarrheal diseases accounted for the vast majority (550 million), in particular norovirus (120 million cases) and Campylobacter spp. (96 million cases). Among other hazards, hepatitis A virus, the helminth Ascaris spp. and the typhoid bacterium Salmonella Typhi were frequent causes of foodborne illness, causing 14, 12 and 7.6 million cases, respectively. The Codex Alimentarius Commission (CAC) [12] defines food as: any substance, whether processed, semi-processed or raw, which is intended for human consumption, and includes drinks, chewing gum and any substance that has been used in the manufacture, preparation or treatment of food, but does not include cosmetics or tobacco or substances used only as drugs. The definition includes all bottled drinks. Food can be contaminated at many steps along the chain from farm/factory to plate so a precise definition of the point of attribution is crucial. Food can be contaminated at many steps along the chain from farm/factory to plate and in accordance with the CAC definition, FERG estimated the proportion of cases that are foodborne as those where food is contaminated just prior to consumption. Twelve of the 31 hazards were judged by the FERG hazard-based task forces to be 100% foodborne. To estimate the FBD burden for the remaining 19 hazards, a structured expert elicitation using Cooke's Classical Method [13] was undertaken to distinguish the foodborne transmission pathway from environmental, human-to-human, and animal-to-human transmission pathways collectively.
The study provided hazard-specific attribution estimates for each of the 14 subregions (see Table 2 for the countries in each subregion). Details on the FERG expert elicitation can be found elsewhere [14] . Foodborne diarrheal disease agents also caused 230,000 of the 420,000 deaths due to foodborne hazards ( Table 3 ). Of these, non-typhoidal S. enterica accounted for 59,000, enteropathogenic E. coli (EPEC) for 37,000, norovirus for 35,000, and enterotoxigenic E. coli (ETEC) for 26,000 deaths. Of the 59,000 global deaths due to non-typhoidal S. enterica, 32,000 were in 
Box 3. Measures of Disease Burden
The task forces estimated the incidence and duration of diseases caused by each hazard as well as their associated mortality in 2010 based on systematic reviews, complemented with other literature sources, surveillance data and expert inputs. For each hazard, the impact of all disease outcomes attributed to the primary exposure to a hazard is represented by a disease model. Two general approaches to estimate disease incidence were applied, guided by availability of data. The first approach aimed to identify all disease outcomes associated with a hazard and then establish probabilities for each outcome to occur. Any conditional dependencies between outcomes (based on the natural progression of the disease) were accounted for in this step. The second approach aimed to obtain data on the incidence of a specific outcome, and then to attribute a proportion of that incidence to a hazard. This hazard-and incidence-based approach is also used by the European Centre for Disease Prevention and Control to estimate the burden of a wide range of infectious diseases [16] and estimates the current and projected future burden of disease due to exposures occurring in 2010 or earlier. The chosen approach is well suited to illustrate the diversity of health impacts of FBD hazards, and highly relevant for identification of priorities for prevention, as reducing current exposure will also lead to prevention of future sequelae.
the two African subregions, and included 22,000 deaths due to invasive disease by this bacterium. The major non-diarrheal causes of foodborne deaths were due to Salmonella Typhi (52,000), the helminth Taenia solium (28,000) hepatitis A virus (28,000) and aflatoxin with 20,000 (95% UI 8,000-51,000) deaths. The global burden of FBD caused by the 31 hazards (including sequelae) in 2010 was 33 million DALYs (Table 3) . Eighteen million DALYs, or 54%, of the total burden was attributed to diarrheal disease agents, particularly to non-typhoidal S. enterica, which was responsible for 4.0 million DALYs (Fig 1) . Six diarrheal disease agents (norovirus, Campylobacter spp., EPEC, ETEC, Vibrio cholerae and Shigella spp.) each caused a foodborne burden of 1-3 million DALYs. Other foodborne hazards that contributed substantially to the global burden included Salmonella Typhi (3.7 million DALYs), T. solium (2.8 million DALYs), hepatitis A virus (1.4 million DALYs) and Paragonimus spp. (1.0 million DALYs). By contrast, the global burden of trichinellosis was estimated at only 550 DALYs. For full details of the numbers of cases of foodborne illness, deaths, DALYs, YLLs and YLDs for all 31 hazards in this study, see S1 Table, tabs 1-13. The Supporting Information also includes the data for total illnesses, deaths, DALYs, YLLs and YLDs by all exposure pathways for all hazards that were included in the source attribution expert elicitation (see S1 Table, tabs [14] [15] [16] [17] [18] .
The relative contribution of mortality (measured as YLL) and morbidity (measured as YLD) to the total burden of disease varied widely between hazards (Fig 2) . For 18 foodborne hazards, more than 75% of the total burden was due to premature mortality (red columns in Fig 2) . These mainly include hazards leading to diseases with known high case-fatality ratios (non-When incidence data were not available for all countries in a subregion, incidence rates were extrapolated from available data using a Bayesian log-normal random effects model, specifying the subregion as random effect. The predictive value of this model was explored and compared with other possible imputation models by McDonald et al. [17] . Detailed descriptions of methods to estimate incidence and mortality of all 31 hazards can be found in papers in the collection on enteric diseases [11] , parasitic diseases [18] , and chemicals and toxins [19] .
The FERG studies used the DALY as a measure of population health to assess and compare the relative impact of different diseases and injuries on populations. The DALY measure combines the years of life lost (YLL) due to premature death and the years lived with disability (YLD) from a disease or condition, for varying degrees of severity, making time the common metric for death and disability [20] . One DALY is equivalent to one year of healthy life lost. As proposed by the Institute for Health Metrics and Evaluation in the Global Burden of Disease (GBD) 2010 study [21] , and adopted by the WHO [22] , we applied neither age-weighting nor time discounting. We used WHO life tables for YLL calculation. For YLD calculations, we used disability weights from the GBD 2010 study [23] with modifications as proposed by the WHO [22] , and the GBD 2013 study [24] . DALY estimates were made at country level (194 countries) by 5-year age groups and gender for the base year 2010. Because of the level of uncertainty associated with estimates for each subpopulation, results are presented at subregional level (Table 2) for both sexes combined and for two age groups (<5 and 5 years of age). Both the population burden and the individual burden are presented. Statistical uncertainties in incidence and burden estimates were propagated by Monte Carlo simulation methods in the statistical programming environment R [25] . Full details of computational methods can be found in Devleesschauwer et al. [26] other extreme, more than 75% of the total burden due to morbidity (blue columns in Fig 2) were accounted for by seven foodborne hazards, of which four (Giardia spp., Fasciola spp., intestinal flukes, and dioxins) were not assumed to cause fatal illnesses.
The FERG studies show that children under five years old bear 40% of the foodborne disease burden (including, for some hazards, the life-long burden of sequelae). More than 75% of the burden of four hazards (Fasciola spp., Giardia spp., dioxins, and intestinal flukes) occurred among children under five (Fig 3) . Prenatal infections accounted for 21% of the burden of L. monocytogenes [27] and for 32% of the burden of Toxoplasma gondii [18] . By contrast, more than 75% of the burden of 11 hazards occurred among people over five years old. Fig 4 presents a scatterplot of the burden at individual level (DALYs per case, a measure for disease severity) and the burden at population level (foodborne DALYs per 100,000 population, also accounting for disease incidence). On the basis of this plot, hazards were divided by two criteria with arbitrary cut-offs as indicated by grey-shaded areas in the figure. V. cholerae, T. solium and Paragonimus spp. were in the high/high category. All other diarrheal disease agents were in the high/low category, except STEC, E. histolytica and Giardia spp. (low/low). The L/L category further included Trichinella spp. The low/high category contained agents that are of relatively low global impact but have a high impact on affected individuals. These included different parasites, particularly E. multilocularis, the invasive bacteria Brucella spp., L. monocytogenes and M. bovis. In subregions where the burden is higher than the global average, these agents are of specific relevance to policy makers. 
Regional Differences
The studies found considerable regional differences in the burden of FBD (Table 4 and Fig 5) . The highest burden per 100,000 population was observed in the two African subregions: 1,300 Table 2 for a full list of the countries in each subregion). The contribution of individual hazards to the burden of FBD differed markedly between subregions ( Fig 5) . In both African subregions, nearly 70% of the burden was due to diarrheal disease agents, particularly to non-typhoidal S. enterica (including invasive salmonellosis), EPEC, and ETEC; additionally, V. cholerae caused an important burden of diarrheal disease in the AFR E subregion, and T. solium caused a high burden in both African subregions (see Table 4 for the detailed data for all hazards and all subregions). In the SEAR D and SEAR B subregions, diarrheal disease agents contributed approximately 50% of the total disease burden, mainly caused by a range of hazards including EPEC, norovirus, non-typhoidal S. enterica, ETEC and Campylobacter spp. In both of these subregions, there was also a considerable burden of Salmonella Typhi (180 DALYs per 100,000 population in SEAR B and 110 DALYs per 100,000 population in SEAR D). The burden of disease due to the fluke Opisthorchis spp. was almost exclusively concentrated in SEAR B (40 DALYs per 100,000 population). In EMR D, diarrheal disease agents were responsible for approximately 70% of the total burden of FBD, Table 2 for the countries in each subregion. with Campylobacter spp. the leading cause in the region, followed by EPEC, non-typhoidal S. enterica, Shigella spp. and ETEC. Other important hazards in this region were Salmonella Typhi, aflatoxin and hepatitis A virus.
In the WPR B subregion, diarrheal disease agents accounted for approximately 14% of the FBD burden, with Campylobacter spp. the leading cause. In this region, the seafoodborne trematodes Paragonimus spp. and Clonorchis sinensis were important contributors to the FBD burden. In the AMR B and AMR D subregions, the contribution of diarrheal disease agents to the total burden was smaller than in other subregions (approximately 40% and 20%, respectively), with Campylobacter spp., norovirus and non-typhoidal S. enterica causing most burden. In the AMR B region, important causes of FBD burden were T. solium (25 DALYs per 100,000 population) and T. gondii (20 DALYs per 100,000 population). In the AMR D region, the burden of T. solium was particularly high at 69 DALYs per 100,000 population; the trematodes Paragonimus spp. and Fasciola spp. contributing 53 and 46 DALYs per 100,000 population, respectively to the overall disease burden.
The burden due to chemical hazards was also highly localized. Aflatoxin caused the highest burden in AFR D, WPR B and SEAR B, whereas dioxins caused the highest burden in SEAR D, EMR D and EUR A and C. The burden of cassava cyanide was limited to the AFR regions, and was similar to that of aflatoxin in AFR D.
In the three European subregions, diarrheal disease agents contributed to 49-68% of the total burden of FBD, with non-typhoidal S. enterica and Campylobacter spp. being the most important hazards. Other important hazards included T. gondii in all European subregions, Brucella spp. in the EUR B and Mycobacterium bovis in the EUR C subregions. In the WPR A region, 65% of the burden was caused by diarrheal disease agents, with T. gondii and hepatitis A virus also contributing. Finally, in the AMR A region, diarrheal disease agents contributed approximately 67% of the total burden, with non-typhoidal S. enterica and Campylobacter spp. the most important hazards; T. gondii and L. monocytogenes were also relatively important.
Previous Estimates
Several high-income countries have published national estimates of FBD. Estimates of foodrelated illnesses and deaths in the USA were reported in the late 1990s [28] and updated to cover the period 2000-2008 [29, 30] . Similar studies are available from the UK [31] , Australia [32] , France [33] and Canada [34] . Some countries have extended this work to estimate DALYs, including New Zealand [35] , Greece [36] , the Netherlands [37] , and the USA [38] . While the range of hazards covered in these previous studies differed from those of the FERG studies, the focus was on enteric diseases and a limited number of invasive and parasitic diseases. The FERG data, by contrast, cover numerous countries across the globe and provide a more complete picture of FBD.
Comparisons of our estimate of the burden of FBD with other estimates, such as those of the Institute for Health Metrics and Evaluation's GBD 2010 study [21] , must be made with care because of differences in the methodology and data used. For example, the GBD 2010 study used prevalence-based DALYs, whereas our study used incidence-based DALYs. As a consequence, the impact of sequelae such as Guillain-Barré syndrome (due to Campylobacter spp.), hemolytic uremic syndrome (due to Shiga toxin-producing E. coli) and invasive disease (due to non-typhoidal S. enterica) were attributed to the diarrheal disease agents in our estimates whereas in the GBD 2010 study they were recorded in different disease categories. Furthermore, the GBD 2010 study used a different life table than FERG and more extensive mathematical modeling to account for data gaps, which smoothed the data considerably, resulting in narrower uncertainty intervals than in our study. The GBD 2010 and FERG studies used the same set of disability weights, but the FERG included some updates as recommended by WHO. Neither study applied time-discounting or age-weighting in their baseline estimates.
The GBD 2010 study, which looked at all sources of disease, found that the key hazards and risk factors for disease burden were dietary risk factors (254 million DALYs), unimproved water and sanitation (211 million DALYs), HIV/AIDS (82 million DALYs), malaria (82 million DALYs), air pollution (76 million DALYs) and tuberculosis (49 million DALYs). Recently published findings from WHO [39] for 2012 were: HIV/AIDS (92 million DALYs); malaria (55 million DALYs) and tuberculosis (44 million DALYs). Hence, the burden of FBD (33 million DALYs) is of a similar order of magnitude as each of the 'big three' infectious diseases (HIV/AIDS, malaria and tuberculosis) and air pollution, but clearly lower than the burden of dietary risk factors or unimproved water and sanitation.
Our estimate of 29,000 deaths due to foodborne transmission of invasive non-typhoidal S. enterica only included infections in non-HIV infected individuals. Ao et al. [40] estimated there were approximately 680,000 deaths due to invasive non-typhoidal salmonellosis in 2010. Of these, approximately 350,000 would be due to foodborne transmission, assuming 52% of all non-typhoidal salmonellosis cases is transmitted by food [14] . Even though this high number of deaths among HIV infected people is not included in the FERG estimates of the burden of FBD, they would be preventable by food safety interventions.
Limitations
Our study is subject to several limitations, notably due to uncertainties in the data limitations on burden estimates and attribution estimates. For most hazards (25 of the 31 studied), the 95% DALY uncertainty interval (UI) ranged from one-fourth to four times the median. The uncertainty was markedly greater for E. multilocularis (because of uncertainty in the attribution estimates), E. granulosus and L. monocytogenes (because of uncertainties in the imputation results). In low-income countries, where the burden is highest, data availability was generally most problematic. Furthermore, in these countries, the proportions of diseases transmitted by food, water and the environment are difficult to disentangle, as contaminated water may also result in contamination of foods. Due to these limitations, we were not able to present reliable estimates at country level, and elected to present results at subregion level.
For some hazards (e.g., M. bovis and E. multilocularis, aflatoxin and dioxins), incident illness is related to past exposures due to long incubation times of disease. For such hazards, the estimated burden reflects exposure dating back to the average incubation period of the disease rather than current exposure. For some hazards (e.g., dioxins), the impact on the child depends on the lifelong exposure of the mother.
Our estimates of the FBD burden are probably conservative, i.e., underestimates rather than overestimates. Limited resources and data obliged us to focus on only a subset of more than 100 hazards of potential relevance [41] . In particular, we did not include burden estimates for several chemicals (arsenic, cadmium, lead and methylmercury), because methods for estimation of the fraction of illnesses attributed to foodborne exposure to these chemicals are not readily available. Even for the hazards we have studied, it was not always possible to include all relevant disease outcomes in our estimates of burden. For example, we did not include functional bowel disorders as potential outcomes for enteric infections [42] . Inclusion of these outcomes would likely considerably increase the burden of enteric infections [43] . Aflatoxin burden was estimated using a counterfactual approach, estimating population attributable fractions from exposure assessment estimates and cancer potency factors, and applying these to WHO estimates for incidence and mortality by hepatocellular carcinoma. Risk assessment, as used to assess the burden of dioxins [19] , has been proposed as an alternative basis for estimating this particular burden, and would result in considerably higher estimates of the burden of aflatoxin [44] .
A further limitation of this study is that DALYs do not quantify the full societal impact of FBD. The economic burden (cost-of-illness, losses in the agricultural and food sectors and trade impacts) is also an important factor to consider in national and international decisionmaking. Also, the process of food production can cause human diseases by mechanisms other than direct transmission of pathogens through food. For example, animal husbandry is an important source of zoonotic disease agents that spread from pigs, poultry, cattle, etc, by direct contact or through the environment, and may also affect livestock health. It is increasingly necessary to consider holistically all aspects of food-related disease in a One Health Framework [45] .
Enforcing Food Safety Standards
Despite its data gaps and assumptions, this study presents the first ever estimates of the global burden of FBD and should serve as an important resource to focus activities that will reduce this burden. A sustainable, multi-sectoral response is needed from governments and international organizations to reduce the visible and 'hidden' burden; this includes enforcement of food safety standards and effective surveillance networks at country, regional and global levels. This will require a concerted effort by all stakeholders in the food chain, from primary production to consumers. The diversity of foodborne hazards suggests the need for a multi-faceted strategy, with priorities tailored to each region. While national studies may further refine these priorities and are highly recommended, the current findings could already be a basis for developing strategies at the global, regional and national levels.
The diversity of foodborne hazards and regional differences in their importance suggest the need for consideration of these estimates at the national or even subnational level. As one of its aims, the FERG has fostered national studies of the burden of FBD, and pilot studies have been conducted in Albania, Japan, Thailand and Uganda. The tools and protocols developed by the FERG to support such national studies emphasize the collation of local data to validate its regional estimates, the consideration of local hazards that may not have been addressed at a global level, and the translation of burden estimates into food safety policy. The estimates developed by this WHO initiative will be invaluable for countries where local data gaps prevent the development of a full picture of FBD.
The considerable difference in the burden of foodborne disease between low-and highincome regions suggests that a major proportion of the current burden is avoidable. The WHO is working with governments and partners, including food producers, caterers and consumers, to reduce food contamination throughout the food chain, and particularly at the point of consumption, to levels at which the exposure to pathogens and contaminants does not pose significant risks for human health. There is, therefore, an urgent need to develop cost-effective food hygiene interventions that can be implemented in resource-poor settings. This research and development should be informed by estimates of the burden of specific food vehicles, taking all hazards into account.
General principles for strengthening food safety systems have been suggested by the WHO; they include integrating food safety into nutrition and food security policies and programs, and fostering closer collaboration between the various sectors involved (agriculture, human health, animal health, trade, tourism, etc.). The WHO recommends governments put in place risk-based food control systems and implement international food safety standards as established by the Codex Alimentarius Commission [12] . Food handlers and consumers should handle and prepare food safely, practicing the WHO's 'Five Keys to Safer Food' and grow fruits and vegetables using the WHO's 'Five Keys to Growing Safer Fruits and Vegetables' to decrease microbial contamination [46] .
FBDs are closely linked to poverty in developing countries but they are also a global public health issue because growing international trade increases the risk of contamination in transported foods; also, migration and travel can expose populations to new hazards. Achievement of the internationally agreed Millennium Development Goals and the proposed Sustainable Development Goals, including the overarching goals of poverty reduction, achieving food security and ensuring healthy lives, will depend in part on successful reduction of the burden of FBD.
Supporting Information S1 Table. World Health Organization Foodborne Disease Burden Epidemiology Reference Group. Estimates of the global burden of foodborne disease, 2010. (XLSX) manuscript's results and conclusions: AHH MDK PRT HJG TH RJL NP FJA DB NdS NG NS AC CM CS BD. All authors have read, and confirm that they meet, ICMJE criteria for authorship.
